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We study the charging process of open quantum batteries mediated by a common dissipative environment in
two different scenarios. In the first case, we consider a two-qubit system as a quantum charger-battery model.
Where the battery has the capability to properly charge under non-Markovian dynamics in a strong coupling
regime, without any external power and any direct interaction with the charger, i.e., a wireless battery charging
happens. In fact, the environment plays a major role in the charging of the battery, while this does not happen in
the weak coupling regime. In the second scenario, we show the effect of individual and collective spontaneous
emission rates on the charging process of quantum batteries by considering a two-qubit system in the presence
of Markovian dynamics such that each one can be charged through an external field. Contrary to previous
claims for individual environments, our results demonstrate that the battery can be satisfactorily charged in non-
Markovian and Markovian dynamics. We also present a robust battery by taking into account subradiant states
and an intermediate regime. Moreover, we propose an experimental setup to explore the ergotropy in the first
scenario.
I. INTRODUCTION
Exploiting the non-classical effects in order to energy stor-
age is a fundamental issue. A quantum battery (QB) is a two-
level system used to temporarily store energy from an external
field and transfer it to a consumer [1–8]. On the other word,
QBs are considered as a collection of N independent subsys-
tems, in which they employ a temporary charging field for
extraction or storage. Operationally, an optimal QB needs to
have two important factors: First, the ability to store maxi-
mum energy with the least amount of time or the maximum
average charging power. We define the maximum energy ex-
tracted from a system as charge or ergotropy. In fact, the
ergotropy is the maximum extractable work under a unitary
cyclic process [9, 10]. Second, the capability to fully dis-
charge energy in the time required or the skill of extracting
useful work. Therefore, designing protocols to accomplish
these two objectives is particularly significant. Recently, one
of the most important research purposes is to investigate the
positive and negative effects of quantum concepts on the per-
formance of QBs.
In a very new view, the QBs have been considered as open
systems, where the battery, the charger, or both are in contact
with an external environment [12–15]. This is logical because
real quantum systems are related to their environment and this
is what happens in practice. In reality, the unavoidable inter-
action between the system and environment leads to the deco-
herence of the system, where quantum properties of the sys-
tem may be destroyed due to the interaction. Therefore, one
cannot ignore the dissipative effects of the environment on the
stable charging process of open QBs. However, this is not a
new issue and so far many protocols have been developed to
stabilize the charging status of close QBs [16–18], but the role
of common reservoirs with non-Markovian dynamics has not
been yet explored. This leads us to a question: may an envi-
ronment act as a charger? where transfers energy to a QB.
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As mentioned above we investigate the environmental ef-
fects on a charging process. However, ergotropy is used to de-
termine the maximum energy that can be extracted from a QB
during a unitary process. But we here describe an approach
that the energy is firstly transferred from a charger to a battery
under the decoherence effects and we obtain the instantaneous
battery state. Then, we study the instantaneous ergotropy after
the charging process, i.e., the battery is disconnected from the
charger and is coupled to a consumption hub.
Therefore, in this paper, we analyze the role of environ-
mental effects on QB efficiency by considering two scenar-
ios. In the first scenario we explore a charger-battery model
in a common reservoir under non-Markovian evolution. Our
results indicate that in the strong coupling regime, it can be
possible that the battery appropriately charged. In contrast, in
the weak coupling regime, it may not be charged, so we need
an external power to charge the battery. The advantage of this
model is that in the former, an external field is not required
to charge the battery, and the charging process occurs only by
the environment.
The second scenario is a two-qubit system in the common
environment under the Born-Markov approximation, such that
each qubit can be charged through an external driving field.
Therefore, we investigate this model in two different ap-
proaches: with and without the charger-mediated charging
process. In the former, two qubits are regarded as a QB in
the ground state that we show the battery cannot charge by
means of the environment then the driving fields have to be
applied. In the latter, the charger-batterymodel is taken where
we illustrate the battery can be properly charged in Markovian
dynamics against what is claimed in Ref. [13], the situa-
tion in which qubits interact with independent reservoirs. We
also discuss the model presented in Ref. [14] with a differ-
ent perspective. Where we are comparing the destructive and
constructive effects of individual and collective spontaneous
emission rates in the charging process of the batteries as well
as the coupling strengths by defining different regimes.
In addition, we figure out a way to stabilize a N-cell QB
fully charged against the environment by means of assum-
ing subradiant initial states and establishing the interme
2regime. In the following, we bring up an optical experimental
setup to examine the amount of extractable work in the first
scenario.
The rest of the paper is organized as follows. We investi-
gate the open QB in a common environment under two dif-
ferent scenarios. We present the first model: non-Markovian
dynamics in Sec. II and the second model: Markovian dynam-
ics in Sec. III. The optical setup is discussed in Sec. IV. The
conclusion is summarized in Sec. V.
II. FIRST SCENARIO: NON-MARKOVIAN DYNAMICS
We describe the quantum charger-battery model as a two-
qubit system coupled to a common bosonic reservoir [23, 24].
The qubits are simulated as two-level systems with excited
state |e〉 and ground state |g〉 where we assume two qubits
have the same transition frequency ωC = ωB = ω0. The total
Hamiltonian of the system in the rotating-wave approximation
(RWA) described as follows [23, 24] (with ~ = 1)
H =
∑
j={C,B}
ω0σ
+
j σ
−
j +
∑
k
ωka
†
k
ak
+
∑
k
(
gkµ1σ
+
C + gkµ2σ
+
B
)
ak + H.c., (1)
where the first and second term denotes the free Hamiltonian
of the two-qubit system and the reservoir, respectively,σ+
i
and
σ−
i
are the Pauli raising and lowering operators for ith qubit,
respectively, ak (a
†
k
) is the annihilation (creation) operator of
the kth mode of the field with ωk. The second line in the
Eq. (1) describes the interaction of the system with the reser-
voir where µigk, (i = 1, 2) is the coupling constant between
the charger/battery and the kth mode of the field, in which
µi is a dimensionless real parameter. The relative interaction
strength is defined as ci = µi/µT and the collective coupling
constant as µT = (µ
2
1
+ µ2
2
)
1
2 .
Notice that there is no direct coupling between the charger
and QB in Eq. (1) , accordingly, we study wireless charging
of the QB where the environment plays a mediated role in the
charging process.
Presume the initial state of the whole system as follows
|Φ(0)〉 = [ν01|e〉C|g〉B + ν02|g〉C|e〉B] ⊗ |0〉E, (2)
where |0〉E is the vacuum state and ν0i, (i = 1, 2) are the prob-
ability amplitudes. Now, in the lack of Born-Markov approx-
imation and by using the Lorentzian spectral density for the
environment, the density operator of the charger-battery sys-
tem provided that non-Markovian evolution can be written as
[23, 24]
ρCB(t) =

0 0 0 0
0 |ν1(t)|2 ν1(t)ν∗2(t) 0
0 ν∗
1
(t)ν2(t) |ν2(t)|2 0
0 0 0 1 − |ν1|2 − |ν2|2

, (3)
where
ν1(t) =
[
c22 + c
2
1κ(t)
]
ν01 − c1c2 [1 − κ(t)] ν02,
ν2(t) = −c1c2 [1 − κ(t)] ν01 +
[
c21 + c
2
2κ(t)
]
ν02, (4)
with
κ(t) = e−λt/2[cosh
(
χ t
2
)
+
λ
χ
sinh
(
χ t
2
)
], (5)
in which χ =
√
λ2 − 4R2. In the above equation, λ is the
width of the Lorentzian spectrum and R = ξ µT where ξ is
the vacuum Rabi frequency. One can define the parameter
R = R/λ to distinguish the strong coupling regime (R ≫ 1)
from the weak one (R ≪ 1) [23, 24].
To characterize the maximal amount of energy that can be
extracted from a QB, the ergotropy is introduced as [9, 10]
W = Tr(ρBHB) − Tr(σρB HB). (6)
in which, HB and ρB are the Hamiltonian and the state of the
battery. σρB is called the passive state of ρB that the extractable
work from it is zero under cyclic unitary processes [11].
Then, the ergotropy of the QB can be computed from the
reduced density matrix of the QB, thus according to Eq. (3),
the density matrix is
ρB(t) = |ν2(t)|2|e〉B〈e| + [1 − |ν2(t)|2]|g〉B〈g|. (7)
Hence, the ergotropy can be obtained as
W = ~ω0(2|ν2(t)|2 − 1)Θ(|ν2(t)|2 − 1
2
), (8)
in which Θ(x − x0) is Heaviside function. Where, the maxi-
mum ergotropy isWmax = ~ω.
At this point, let’s us consider an initial entangled state as
|Φ(0)〉 = α−|ϕ−〉 + α+|ϕ+〉, (9)
where α± = 〈ϕ±|ϕ(0)〉 and |ϕ+〉 = c1|e〉C |g〉B+c2|g〉C |e〉B. Also,
|ϕ−〉 is the subradiant state of the Hamiltonian (1) that his state
does not decay in time, it is a decoherence-free state, and takes
the following form [23, 24]
|ϕ−〉 = c2|e〉A|g〉B − c1|g〉A|e〉B. (10)
According to Eq. (4), the amplitudes ν1(t) and ν2(t) can be
written as [23, 24]
ν1(t)= c2α− + c1κ(t)α+
ν2(t)= −c1α− + c2κ(t)α+. (11)
Thus, the amount of the ergotropy depends on the specific ini-
tial state (c j, α±) and on the value of the coefficient κ(t).
In the following, we study the behavior of ergotropy for dif-
ferent initial states in both the weak and the strong coupling
regimes in terms of λt. First, we consider the initial charger-
battery state as |Φ(0)〉 = |e〉C |g〉B with c1 = 1/
√
2 where the
battery is empty and the charger has maximal energy. Second,
3Figure 1. Dynamics of W/Wmax as a function of λt. Dotted red
line depicts R = 30 and solid blue line R = 0.3. The initial state is
|Φ(0)〉 = |e〉C |g〉B and c1 = 1/
√
2.
we choose Eq. (10) that an amount of entanglement exists be-
tween the charger and the battery. The ergotropy time evolu-
tion of the former and the latter are plotted in Fig. 1 and Fig. 2,
respectively.
In Fig. 1, dashed red line and solid blue line indicateR = 30
and R = 0.3, respectively. As can be seen the ergotropy is
nearly 0.9Wmax at λt ≃ 0.1 and zero for λt > 1.5 for the
strong coupling regime whereas it is always zero for the weak
one.
Figs. 2 illustrates the time evolution of ergotropy for R =
30. Here, the solid blue line, dot-dot-dashed black line, dotted
red line, dashed green line and dot-dashed magneta line rep-
resents (
√
3
2
,
√
3
2
), ( 1√
2
, 1√
2
), ( 1√
2
, 0.92), (
√
3
2
, 0.5), ( 1√
2
, 0.2) for
the pair of parameters (c1, α−), respectively.
As can be observed the battery is almost fully chargedW ≈
0.95Wmax at λt ≃ 0.1 in the strong coupling regime. The inset
of Fig. 2 shows the long-time behavior of the ergotropy and
one can see that it tends to 0.125Wmax for long time limit.
This happens when there is an amount of entanglement in the
initial state whereas the ergotropy is zero for long times in
Fig. 1.
We have also investigated the ergotropy for R = 0.3 that
where we realize the ergotropy reaches approximately the
amount of 0.125Wmax for c1 = α− =
√
3
2
, however, it is zero
for other initial states. In addition, the ergotropy is always
zero in the weak coupling regime with R = 0.1, hence the
battery does not charge in a such situation.
Clearly, these observations underline that in the absence of
any direct interaction between the charger and the battery, the
battery can be properly charged by the environment. Also,
we understand the weak coupling regime is not an eligible
candidate for optimal battery charging. In contrast, the strong
coupling regime can be used in a desirable way in the charging
process of a battery.
Figure 2. Plot of W/Wmax in terms of λt for different values of c1
and α−, and for R = 30. Solid darker blue line shows (c1 = α− =
√
3
2
)
, dot-dot-dashed black line (c1 = α− =
1√
2
), dotted red line (c1 =
1√
2
, α− = 0.92), dashed green line (c1 =
√
3
2
, α− = 0.5), dot-dashed
magneta line (c1 =
1√
2
, α− = 0.2).
III. SECOND SCENARIO: MARKOVIAN DYNAMICS
In this section, by employing the Born-Markov approxima-
tion, rotating-wave approximation, and applying the external
laser fields, the master equation of the two-qubit system can
be expressed as [25]
∂ρ(t)
∂t
= −i[Hs, ρ(t)] (12)
− 1
2
2∑
i, j=1
Γi j(ρ(t)σ
+
i σ
−
j + σ
+
i σ
−
j ρ(t) − 2σ−j ρ(t)σ+i ),
wher
Hs =
2∑
i=1
(ω0)σ
+
i σ
−
i +
2∑
i, j, j=1
Ωi jσ
+
i σ
−
j + HL, (13)
denotes the Hamiltonian of the two qubits where Ωi j (i , j)
represents the environment induced coherent (dipole-dipole)
interaction between the qubits and HL indicates the coupling
between the qubits and external field with the Rabi frequency
li and the angular frequency ωL given by
HL = −1
2
2∑
i=1
[liσ
+
i e
i(ωL t) + H.c.]. (14)
In Eq. (12), the parameters Γi j being spontaneous emission
rates where Γi = Γii is the individual spontaneous emission
rate of the ith atom, and Γi j = Γ ji, i , j are collective spon-
taneous emission rates due to the coupling between the qubits
through the environment . Notice that the collective inter-
actions between the qubits leads to the modified dissipative
decay rates and the coherent coupling Ωi j [25]. It has been
demonstrated that both the collective parameters Γi j and Ωi j
are dependent on the interatomic separation. As an example,
4Figure 3. Time evolution of W/Wmax as a function of Ωt for γ =
0.9Γ, and l1 = l2 = 0 , ω0 = ωL = ω. Dot-dashed-dashed purpule
line exhibits (Γ = 0.5Ω), solid red line (Γ = 0.1Ω), dot-dashed black
line (Γ = 0.01Ω). The initial state is assumed |ϕ〉CB = |e〉C ⊗ |g〉B.
for large separations i.e., r12 ≫ λ (with the resonant wave-
length λ), the parameters are Γi j = Ωi j ≈ 0 [25]. Now, suppose
Ω12 = Ω21 = Ω, Γi = Γ, and Γi j = γ for i , j, respectively.
To obtain the dynamics of state ρ at a generic time instant
t, we solve Eq. 12 numericaly. To this end we write the ρ in
the matrix form as following
ρ(t) =

r11(t) r12(t) r13(t) r14(t)
r21(t) r22(t) r23(t) r24(t)
r31(t) r32(t) r33(t) r34(t)
r41(t) r42(t) r43(t) r44(t)

. (15)
In the following, one can inquire two models: (i) a charger-
battery protocol, single-cell QB, for charging process without
any external coherent field as the first scenario in the previous
section, (ii) two-qubit system is regarded as a QB, two-cell
QB, where each of the qubits is charged by laser.
Accorrding to Eqs. (6) and (15) , the analytical expression
of the ergotropy in the single-cell model can be evaluated as
[12]
W(t) = ω0
2
{
√
4|r12(t) + r34(t)|2 + (2[r11(t) + r33(t)] − 1)2
+ 2[r11(t) + r33(t)] − 1}, (16)
and for the two-cell case as
W(t) = ω0(−2η1(t) − η2(t) − η3(t)
+ 2r11(t) + r22(t) + r33(t)), (17)
where ηi’s are the eigenvalues of ρ such that ηi ≤ ηi+1.
A. Single-cell quantum battery
Here, we consider the first qubit as the charger and the sec-
ond one as the battery in the absence of a external coherent
field i.e., l1 = l2 = 0. As the previous section, the maximum
ergotropy isWmax = ~ω.
Figure 4. Plot ofW/Wmax as a function of Ωt. The charger-battery
initial state is |ϕ〉CB = α−|ϕ−〉 + α+|ϕ+〉 with α− = c1 =
√
3
2
. Other
parameters are as Fig. 3
To investigate the effect of the spontaneous emission rate
with respect to the dipole-dipole interaction on the dynam-
ics of W/Wmax, Figs. 3 and 4, in terms of Ωt, are pre-
sented. Where the decay rate γ is assumed to be 0.9Γ and
dot-dashed-dashed purple line is fixed on Γ = 0.5Ω, solid
red line Γ = 0.1Ω, and dot-dashed black line Γ = 0.01Ω.
In former the initial state of QB-charger system is supposed
|ϕ〉CB = |e〉C ⊗ |g〉B. As can be seen, the ergotropy reaches
its maximum value at Ωt = pi/2 by reducing the spontaneous
emission rate with respect to dipole-dipole interaction. It is
apparent that the energy of battery only dissipates by the en-
vironment when the parameter Γ deviates from the value 0.1Ω
to 0.5Ω.
The dynamics of ergotropy for the initial state |ϕ〉CB =
α−|ϕ−〉 + α+|ϕ+〉 is shown in Fig. 4 with α− = c1 =
√
3/2
and the amounts of parameters are the same as Fig. 3. It is
clear that the ergotropy is W ≈ 0.5Wmax at Ωt = pi/2 for
Γ = 0.01Ω. By comparing this plot with Fig. 3, one can ob-
served the initial entanglement between the charger and the
battery has no effect on the maximal value of ergotropy in
Born-Markov regime. With these considerations and the re-
sults of the previous section, it can be suggested that in such
situations, the entanglement is not a useful resource for the
optimal charging process of quantum batteries.
B. Two-cell quantum battery
Let’s consider the two-qubit system as a QB, where the
lasers are turned on such that l1 = l2 = l and ω0 = ωL = ω.
In Figs. 5 and 6 the time dependence of the battery ergotropy
W/Wmax as a function of lt is plotted for different regimes.
Here, the highest value of ergotropy is Wmax = 2~ω, hence
we have normalized it to the unit. The initial state of two cells
battery is regarded as |ϕ〉B = |gg〉 in Fig. 5 while it is consid-
ered as |ϕ〉B = |ϕ−〉 with c1 = 1/
√
2 in Fig. 6.
By comparing the spontaneous emission rate Γ with the
coupling strength l and the dipole-dipole interaction parame-
ter Ω, one can also find four different regimes. Where Ω ≫ Γ
5Figure 5. Dynamics of W/Wmax in respect of lt by considering
l1 = l2 = l , and ω0 = ωL = ω. Solid darker blue line shows
(Γ = γ = Ω = 0), dot-dot-dashed-dashed darker orange line (Γ =
γ = Ω = l), dot-dashed red line (Γ = 0.1l, γ = Ω = 0), dotted
black line (Γ = 0.1l, Ω = 0.1Γ, γ = 0.9Γ), dot- dashed- dashed
magneta line (Γ = 0.1l, Ω = 5Γ, γ = 0.9Γ), dot-dot-dashed green
line (Γ = 5l, Ω = 0.1Γ, γ = 0.9Γ), dot-dot-dot-dashed purple line
(Γ = 5l, Ω = 5Γ, γ = 0.9Γ). The battery initial state is |ϕ〉B = |gg〉.
Figure 6. Dynamics of W/Wmax in respect of lt by considering the
battery initial state as |ϕ〉CB = |ϕ−〉 with c1 = 1√
2
. Other parameters
are as in Fig. 5.
in sense that dipole-dipole interaction is greater than sponta-
neous emission rate and another regime by l ≫ Γ, means that
driving external fields are stronger than spontaneous emission
rate and vice-versa, i.e., Ω ≪ Γ and l ≪ Γ.
In Fig. 5, solid darker blue line displays a situation where
the environment is not present and Γ = γ = Ω = 0. QB has
been fully charged at lt = pi/2 by lasers and the ergotropy
changes periodically over time. In other words, the battery is
fully charged and discharged. The reason for this result is that
the energy generated by the external power is not destroyed
by the dissipation. While the highest charge level in dot-dot-
dashed-dashed darker orange line with Γ = γ = Ω = l (an
intermediate regime ) is drastically reduced. This can be due
to the fact that a large part of the battery’s energy dissipates
by the environment, such that it almost vanishes under condi-
tions presented in dot-dot-dot-dashed purple line and dot-dot-
Figure 7. N-cell stable quantum battery
dashed green line. Also, a status with large separations where
r12 ≫ λ is shown in dot-dashed red line, so, it is possible that
one take γ = Ω = 0 and Γ = 0.1l.
Moreover, both dotted black line and dot-dashed-dashed
magenta line represent l ≫ Γ regime where the former im-
plies Ω ≫ Γ whereas the latter characterizes Ω ≪ Γ. We
see the ergotropy is W ≈ 0.9Wmax at lt = pi/2 for black line
which coincides with the large separation status with a very
slight difference. On the other hand, the l ≪ Γ regime is il-
lustrated by dot-dot-dashed green line and dot-dot-dot-dashed
purple line with Ω ≫ Γ and Ω ≪ Γ, respectively.
By regarding many different values for γ, we find that the
collective emission decay rate does not play an effective role
in ergotropy dynamics. In addition, Fig. 5 demonstrates that
the ratio Γ/l is more significant than Γ/Ω because by reducing
the former the ergotropy tends to the unit. This implies that the
driving external fields play a substantial role in this scenario.
Figure 6 displays the time evolution of the ergotropy for the
battery initial state as |ϕ−〉 and c1 = 1/
√
2. Here, the param-
eters are the same as in Fig. 5. As can be seen unlike the
previous case, the dot-dot-dashed-dashed darker orange line
is coincided with solid blue line and the ergotropy does not
change over time. Indeed, it remains constant for intermedi-
ate regime, i.e., W = 0.5Wmax for all times. This indicates
the energy value of two cells battery equals to the energy of
a single-cell fully charged battery, i.e.,W = 0.5Wmax = ~ω.
Moreover, our results imply that by considering 2N qubits
such that every two qubits in a common reservoir takes into
account as a single cell battery Fig. 8, then we have W =
N(~ω). Notice that this amount of energy is equal to the
amount of N single-cell QB that are completely charged.
We emphasize that we find a stable battery with the amount
of energy N ~ω that keeps its energy and is not affected by the
destructive effects of the environment by taking into account
2N qubits that every two-qubit state is subradiant state under
the intermediate regime.
Indeed, it is worth mentioning that this strategy for the
robust battery can be applied for the first scenario (non-
Markovian dynamics) by regarding two qubits as QB with ini-
tial subradiant state |ϕ−〉. We stress that this stable battery may
also be examined in a lab, note the considerations in the next
section
In addition, we observe the ergotropy decays for other
regimes. Therefore, we realize that the subradiant state |ϕ−〉 is
not always a decoherence-free state in Born-Markov approx-
imation. Also, in l ≫ Γ regime the battery charge decays to
zero monotonically, whiles the battery discharges very fast in
the l ≪ Γ regime. Therefore, the QB is more stable in the
presence of a strong external driving field compared to the
weak one. Similar to the above, in this case the ratio Γ/l is
6Figure 8. Schematic of optical setup, it is taken from reference [26].
more efficient factor in the stability of quantum batteries. As
it increases, the battery discharge time becomes longer.
IV. EXPERIMENTAL STUDY OF WIRELESS-LIKE
QUANTUM BATTERY
In order to measure the ergotropy experimentally, we intro-
duce an optical setup that has been suggested in [26, 27]. We
define a two-qubit system based on degrees of freedom of a
single photon. The horizontal and the vertical polarization are
regarded as the ground and the excited state of the first qubit
as well as the HG01 and the HG10 mode are considered as the
ground and the excited state of the second qubit. We show
the experimental setup in Fig. 8. For more information and
the details of the experiment, we refer to [26, 27]. If we pre-
pare the total initial state as |Φ(0)〉 = |e〉C|g〉B ⊗ |0〉E then the
ergotropy can be measured as
W = ~ω0(2〈Pge〉2 − 1)Θ(〈Pge〉2 − 1
2
), (18)
in which 〈Pge〉 = (I5 + I8)/IT is the population of |ge〉 where Ii
is the intensity of the corresponding output Oi, (i = 1, 2, ..., 8),
and IT =
∑8
i=1 Ii.
Therefore, by measuring the intensity of the outputs one can
investigate the ergotropy behavior in the wireless-like charg-
ing process of QB.
V. CONCLUSION
In summary, we have investigated the dynamics of er-
gotropy for quantum batteries in common dissipative bosonic
environments. To this purpose, we have considered the time
evolution of a two-qubit system mediated by a common envi-
ronment with two approaches: non-Markovian dynamics and
Markovian dynamics. In the first approach we have shown
that the charger-mediated charging process, where the battery
can be fully charged when we are in a strong coupling regime
and also provided an optical experimental setup to evaluate
the amount of extractable work in this scenario. Furthermore,
we have studied the second approach with and without the
charger-mediated charging process. Our results demonstrate
that in the latter despite the collective and individual decay
rates a strong external power can play an essential role in the
optimal charging process of open quantum batteries while in
the former the battery is properly charged by the environment
with the lack of lasers. Also, our models lighting the way to
have stable and robust quantum batteries in the future. More-
over, we have found that in some scenarios, initial quantum
correlations between the charger and the battery or between
the battery components may not be a useful resource for fur-
ther extractable work.
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